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Metallic biomaterials are commonly used for replacement of structural constituents of the 
human body such as bones, joints, and tooth roots. When they are implanted inside a body, 
metallic biomaterials may corrode and or wear, discharging metal ions and debris which may 
have toxic properties on tissues and organs. As it is essential for bio-materials to have no 
toxicity in contrast to a living body, an organized and quantifiable assessment of the 
cytotoxicity of metallic components is prerequisite for the development of new metallic 
biomaterials with greater biocompatibility. Iron (Fe) is the most abundant transition metal in the 
human body, which contains 4 to 5 g. Like haemoglobin, it is essential for the catalytic centres 
of several enzymes involved in electron transfer and DNA metabolism. However, excess Fe2+ 
ions react with hydrogen peroxide to produce reactive oxygen species. Conventional pure iron 
is more easily corroded and produces Fe2+ ions than stainless steels and alloys. This leads to 
cytotoxicity and causes an inflammatory response and cell death in vivo. The presence of 
impurities is one of the causes of metal corrosion. In response to this problem, Ultra-high pure 
iron has been designed which is purified 99.9996% by mass. In this study I used the ultra-high 
pure (UHP) iron to analyzed the biosafety & biocompatibility by using the mammalian cells 
lines.  
Results 
Analysis of Madin-Darby Canine Kidney (MDCK) YFP keratin 8 Cell Line Growth 
I checked the growth and adhesion of the cells on the surface of UHP iron that weather the 
UHP iron effect the cell growth and attachment or not, I used MDCK/YFP keratin 8 cell line. I 
grew the cell for three days on the UHP iron in 35 mm culture dish in DMEM media at 370C in 
5% humidified CO2 incubator. On the third day, the cells growth and attachment were analyzed 
on the surface of UHP iron as well as in the culture dish area using fluorescence microscope. 
Intriguingly, the cells growth and attachment on the surface of UHP iron and also in the culture 
dish area was very significant. The cells grew very well on the surface of UHP iron and almost 
confluent in both on the UHP iron surface and culture dish area. 
Growth of Analysis of MDCK Cell Line with UHP iron and S45C Steel  
Next, I compare the growth of UHP iron with the commercially available steel (S45C). I 
cultured the MDCK cells with ultra-high pure (UHP) iron as well with commercially available 
steel (S45C) for three days. The cells grew very well on the surface of UHP iron as well as in 
the culture dish area. Surprisingly, the cell did not grow on the surface of steel (S45C) and the 
surface of steel is highly corroded after three days in DMEM growth media. The cell 
morphology was appeared abnormally in the culture dish area with the S45C steel plate 
suggesting the release of toxic ions in the culture dish area. These results clearly suggest the 
importance of UHP iron in term of cell growth and attachment. I also measured the 
concentration of Fe2+ in the suspension medium. The suspension medium was collected after 
three days of MDCK cells with UHP iron plate and S45C plate using the growth media (no 
metal plate) as a control. In the case of control, the concentration of iron was 0.0098 mmol/L 
and with UHP iron the concentration was 0.0152 mmol/L while in the case of S45C steel, the 
concentration was 11.54 mmol/L. 
Growth Analysis of MDCK Cell Line Using Ti-6Al-4V and Co-Cr-Mo Alloys 
To further elucidate the role of UHP iron in term of cell growth and attachment, I used the 
commercially available metallic implant alloy (i.e. Ti-6Al-4V and Co-Cr-Mo alloy). I used the 
MDCK/YFP keratin 8 cell line and cultured the cells on the surface of each metal plates i.e. 
UHP iron, Ti alloy and Cobalt alloy as well as in culture dish having no metal plate as control. 
In the case of UHP iron the cell growth and attachment was significant as obvious from the 
previous results. However, in the case of the commercially available metals implants i.e. Ti 
alloy and cobalt alloy the cell growth was much lesser as compared to UHP iron. In the case of 
Cobalt alloy surface, the cells morphology was abnormal along with reduction in the cells 
growth on the surface as well as in the culture dish area. In the case of Ti alloy the cells growth 
was also reduced in both culture dish area as well as on the metal surface. To quantitatively 
analyzed the growth of the MDCK/YFP keratin 8 cell line, I calculated the confluence of 
MDCK cells with each metal plate. There was no significant difference in the confluency in the 
case of UHP iron metal surface as well as plastic area as compared to the culture plate with no 
iron plate (control). The number of cells adhered on the commercially available medical metals 
implants was significantly lesser than UHP iron in all incubation durations, much lower growth 
was seen in the of Ti-6A-4V. These results suggested that the Ultra-high pure iron is more 
compatible for the cell growth. 
Effect of FeSO4   on The MDCK Cell Morphology  
I exogenously applied the Fe2+ with different concentrations.  I cultured the MDCK cell for 
three days. On the third day, the cells were almost confluent in each culture dish plate, I applied 
the Fe2+ with the different concentration (i.e. 0.01 mmol/L, 0.1 mmol/L, 1 mmol/L and 5 
mmol/L) and exposed to the Fe2+ for 24 hours. After the exposure to the Fe2+, I analyzed the 
cells under fluorescence microscope. The cells growth was reduced with the increasing 
concentration of Fe2+. Moreover, the cells morphology was also abnormal in the case of 5 
mmol/L total Fe2+ concentration and also an increase in the number of dead cells in the 
suspension medium was seen in case of 5 mmol/L. I also checked the confluence rate of the 
cells culture after exposing the MDCK cells to Fe2+ for 24 hours.  There was a significant 
difference from 0.1 mmol/L to 5 mmol/L as compared to control.  
C2C12 Cells Proliferation and Differentiation  
I next analyzed the myotubes formation and differentiation using the UHP iron. The C2C12 
cells were cultured in the culture dish having the sample of the UHP iron and examined the 
proliferation and the differentiation of the cell. After three days of the cell culture, I checked the 
growth of the C2C12 cells and remarkably found that a significant amount of cells was grown 
on the surface of UHP iron as well as in the culture dish surrounding area. In addition to that, I 
also checked the myotubes differentiation seemed to be remarkably normal on the surface of 
UHP iron. The Scanning Electron Microscopy results further supported the C2C12 cell 
proliferation and differentiation. The cell viability was high and cells show a well-spreaded 
morphology on the surface of ultra-high pure iron before and after differentiation of C2C12 cell 
and they establish suitable association to one another. All together these results suggested that 
UHP iron is the best metal for the myotubes differentiation. 
Osteogenic Differentiation Analysis 
Finally, I analyzed the osteogenic differentiation by using Mesenchymal Stem Cell (MSCs). For 
this purpose, the MSCs cell line was cultured at the cell density of 5000 cm2 in 3 mL culture 
dish. The growth medium was replaced by osteogenic differentiation medium after reaching the 
cell to 50% of the confluency. At 21st day of the differentiation, the cell was stained with 
Alizarin Red S and observed the osteogenic differentiation in the UHP iron treated samples. In 
the case of control sample (without iron plate), for three days no mineralization was seen. At 
21st day of differentiation of MSCs, the mineralization was found significantly on the surface of 
the ultra-high pure iron as well as on the plastic area of the culture dish. The positive 
osteogenic culture showed more intense alizarin red staining, showing the more calcium 
deposition suggesting the importance and usage of ultra-high pure iron the importance and 
usage of ultra-high pure iron. 
Conclusion 
In conclusion, these results revealed the uniqueness of ultra-high pure iron, which allows not 
only mammalian cell attachment and proliferation but also greater biocompatibility for 
osteogenic and myotube differentiation without the need for a surface coating than that of 
conventional biomaterials. These assessments lead to the novel use of UHP iron as a 
therapeutic material in the continuously growing field of biomedical application. 
 
 
論文審査結果の要旨 
 
 
医療技術の進歩に伴って、様々な用途で、体内に埋め込まれる器具が開発されてきている。なか
でも、失われた歯根に代えて顎骨に埋め込む人工歯根（デンタルインプラント）、骨折、リウマチ
などの治療目的で、骨を固定するためのプレートやボルト、血管や消化管を補強、拡張するための
ステントなどが良く知られている。これらの素材には、各種合金からなる金属材料やセラミック材
料などが使用されているが、それぞれ長所と短所があり、材料開発も続けられている。特に、金属
材料は、加工性に優れ、また、強度ならびにフレキシビリティーもあり優れた材料特性を有してい
る。しかしながら、様々な金属に含まれる生物毒性に加えて、金属アレルギーの発症、さらに、移
植後の周辺細胞との接着性や適合性が弱いことから生体異物として長期維持されるなどの負の面
も多くみられる。 
東北大学金属材料研究所の安彦博士らは、元来、腐食性が激しい鉄の精製度を 99.9996%までに高
めた超高純度鉄を作成し、その結果、著しく腐食し難い金属材料を作成した。鉄は、生体内で最も
多く存在する金属元素で安全性の高い金属といる。しかしながら、過剰な 2 価の鉄イオンは細胞に
活性酸素を発生させる有害性を有させるので、イオン化しにくい超高純度鉄ではこの点も改良され
ていると判断される。 
そこで、本論文では、超高純度鉄を用いて、各種哺乳類の培養細胞における細胞接着性ならび金
属表面での増殖活性、細胞分化能の大きく 3つの観点から、その生体適合性について検討を行った。
それらの結果を考察すると、超高純度鉄では、細胞接着性に優れ、金属表面での細胞の増殖は高く
維持され、さらに、筋芽細胞から筋管細胞への分化や、間葉系幹細胞の骨芽細胞への分化が、金属
表面で生じうることも確認され、また、各種遺伝子発現の解析においても、生体毒性やストレス応
答が生じないことが証明され、高い生体適合性を有した次世代のインプラント材料であることが見
出された。 
本研究成果は、超高純度鉄の生体適合性に関する評価を新たに確立したもので、今後の応用研究に
も十分資する高い成果判断される。本研究成果は自立して研究活動を行うに必要な高度の研究能力
と学識を有することを示している。したがって，Luqman Khan 氏提出の論文は，博士（生命科学）
の博士論文として合格と認める。 
